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Abstract 
CO2 capture is recognized as necessary to achieve significant greenhouse gas emission reduction before 2050. 
Regarding these technologies, the main issue is the high cost of avoided CO2 related to capture (≈40 €/t). In 
conventional amine-based CO2 capture process, the four main key parameters driving the cost of avoided CO2 are 
the regeneration duty, the compression works, the compressor cost and the solvent make-up cost. On the one hand, 
the use of hollow fibre membrane contactor (HFMC) for CO2 capture is foreseen to be an efficient technology for 
absorber intensification ; but regarding the impact of the absorber cost on the cost of avoided CO2, the use of HFMC 
for process intensification does not seem relevant. On the other hand, ammonia as solvent for CO2 capture is a cheap 
solvent with no degradation problem. Moreover, it allows a high pressure regeneration reducing the compression 
works. 
The key idea of this work is to find a membrane with high CO2/NH3 selectivity and high permeability in order to use 
aqueous ammonia as a solvent in a HFMC in order to reduce significantly the ammonia slip in flue gases while 
maintaining high absorption rate. The work has been divided in three main steps: the screening of available material 
for the membrane, the laboratory test of the membrane and the modelling of the system for process assessment. For 
this absorption device a total equivalent work of 240 kWh/tCO2 has been calculated for CO2 capture on a coal-fired 
power plant.  
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1. Introduction 
CO2 capture is recognized as necessary to achieve significant greenhouse gas emission reduction before 2050. 
Regarding these technologies, the main issue is the high cost of avoided CO2 related to capture (≈40 €/t). A 
significant effort to reduce this cost is necessary for its large-scale deployment. In conventional amine-based CO2 
capture process, the four main key parameters driving the cost of avoided CO2 are the regeneration duty, the 
compression works, the compressor cost and the solvent make-up cost. Evaluation framework and reference capture 
process 
The ANR (French Research Agency) funded project Amélie_CO2 focuses on the development of a post-combustion 
CO2 capture process using aqueous ammonia as a solvent. Its main originality is the use of hollow fiber membrane 
contactor (HFMC) in order to intensify the gas-liquid CO2 absorption and to reduce the ammonia leaks in flue gases. 
This project has been built in four phases: membranes screening, membrane manufacturing, hollow fiber membrane 
contactor laboratory testing and industrial evaluation of the concept. This project is a collaboration between 3 
French universities (LRGP, LGC and Armines) and 2 French companies (Polymem and EDF). 
 
This paper summarizes this last phase. Previous phases have identified a possible membrane for this application: the 
membrane selected is a two layer composite membrane with a micro-porous support of polypropylene and a dense 
layer of Teflon AF which presents a reverse selectivity of 3.2 towards CO2 [1]. Such a membrane has been produced 
with realistic industry techniques in LGC. Mini-HFMC of 54 fibers have been built by Polymem and tested by 
LRGP and Armines with model flue gas (mixtures of N2 and CO2) and ammonia solvent. With these experiments, 
the TRL 3 of the technology has been validated [1]. 
2. Performance evaluation framework 
Due to the long term view of the process development, newly build base-load coal-fired power plant has been 
chosen. The outlet pressure of the IP turbine has been optimized in order to produce a steam fitted for solvent 
regeneration. Extracted steam is desuperheated through indirect heat exchange with the condensate exiting the 
reboiler and then feed to the reboiler. The preheated condensate is injected in the (coal) boiler feed water preheating 
train at the appropriate temperature. Heat dissipated during CO2 compression (above 42°C) and condensation heat of 
the stripper overhead is used in the two first preheating heat exchanger of the feed water train. 
Performances of the reference coal-fired power plant are summarized in table 1. Flue gases, to be treated, 
characteristics are summarized in table 2. 
Tableau 1 : Performance de la centrale de référence 
Gross power generation MW 1082,4 
Auxiliaries consumption MW 107,3 
Net power generation MW 975,1 
Inlet coal lower heating value MWth (LHV) 2112,7 
Power cycle efficiency % 52,8 
Boiler efficiency % (LHV) 97,1 
Gross plant efficiency  % (LHV) 51,2 
Net plant efficiency % (LHV) 46,15 
Tableau 2 : Flue gases composition 
Flue gases flow rate 3789 t/h 
CO2 flow rate 754 t/h 
Flue gases temperature 50 °C 
Flue gases pressure 1,0 bar 
Molar composition  
Nitrogen 71,8 % 
Oxygen 4,5 % 
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Argon 0,9 % 
Carbon dioxide 13,4 % 
Water 9,5 % 
Sulfur dioxide 150 ppm 
Nitrogen oxides 150 ppm 
Ashes 20 g/Nm3 
3. Reference process 
The reference process considered in this work is the standard capture process with MEA 30% solvent improved by 
an absorber intercooler and a lean vapor compressor heat pump (LVC). It has been demonstrated within the EU 
CESAR FP7 project [2]. Polisher section of the capture process has been integrated at the top of the wet 
desulphurization column. The process is shown on figure 1. 
The most important CO2 capture process modeling hypotheses are summarized in annex (Table A). This reference 
capture process has been simulated in order to benchmark the studied process. Simulation results are in good 
agreement with the results of the EU CESAR project [2]. Rich loading is around 0.5 and optimal lean loading is 
around 0.23, this resulting in a specific solvent flow rate of 15.4 t/tCO2. Regarding solvent regeneration, 10 m of 
structured packing, 5 K pinch economizer and LVC leads to 2.6 GJ/tCO2 reboiler duty. Finally a loss of efficiency of 
8.7 %pt is predicted for this high performance, tightly integrated MEA-based process. 
 
 
Figure 1: Reference process simplified diagram 
4. HFMC+NH3 process evaluation 
4.1. Membrane contactor modelling 
The experimental membrane contactor has been simulated with an in-house model based on the following 
hypotheses:  
x Liquid and gas flows are supposed perfectly counter current with no radial or axial dispersion.  
x Mass transfer is limited by mass transfer coefficient and the reaction of bicarbonate in carbamate. 
x All species in the system can diffuse through the membrane: H2O, NH3 and CO2 as well as N2 and O2. 
x The membrane contactor is considered as adiabatic and therefore not isothermal. No radial temperature 
gradient is supposed. 
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x E-UNIQUAC is used for modeling of the thermodynamic for the ternary mixture H2O-NH3-CO2 [3]. Binary 
interraction parameters are taken from [4]. 
x CO2 absorption kinetic in ammonia solution is taken from [5]. Chemical reaction influence on the mass 
transfer of CO2 is modeled with an enhancement factor. 
x kg et kl are taken from usual correlation [6,7] . km(CO2) and km(NH3) have been regressed on experimental 
data produced by LRGP. Temperature influence on km is taken into account through diffusivity. 
Model has been regressed on experimental data, overall trends are in good agreement with experimental data (figure 
2 et 3).Regressed km(CO2) and km(NH3) are, respectively, 6.10-4 and 2.10-5 at 20 °C. 
 
Figure 2: CO2 capture rate (experimental (points) and simulated (continuous lines)) for different flue gases velocity, liquid velocity and 
temperature. 
 
Figure 3: Ammonia leak (experimental (points) and simulated (continuous lines)) for different flue gases velocity. 
4.2. Process and HFMC design and hypotheses 
In order to propose a first evaluation, a target area density of 2500 m²/m3 has been chosen. A fiber thickness of 
0.3/0.4 (ID/OD) and two different fiber length (1 and 1.5 m) have been investigated, leading to a compacity of 25%. 
HFMC modules have a hexagonal cross section in order to minimize the size of the absorber section without too 
much manufacturing problems. Figure 4 shows this arrangement. This is a preliminary design that needs to be 
validated experimentally and optimize thoroughly. 
The developed process is similar to conventional post-combustion capture processes with the following 
modifications: 
1. A WESP (Wet ElectroStatic Precipitator) has been added at the top of the desulphurization/polishing 
column in order to avoid smal particles and aerosol carry over. One of the main concern regarding 
membrane ageing. 
2. Absorber packing sections have been replaced by a parrallel arrangement of HFMC. 
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Figure 4: foreseen module packing pattern 
3. The washing section of the absorber has been divided in two stages: one stage operating with cold water 
(20°C) and the second one with chilled water (2°C), heat integration in the column has been added to 
reduce the power needed for producing chilled water. 
4. Flue gases water wash are stripped from ammonia with steam stripping. The recovered ammonia is 
recycled in the process. 
5. The stripper operates at high pressure (around 20 bar). 
For the chosen ammonia concentration, the maximal loading, to avoid precipitation in the HFMC, is 0.65. 
The proposed process is shown on figure 5. 
 
Figure 5. Capture process developed in Amélie_CO2 
Modeling hypotheses are the same than those used for the evaluation of the reference process (Annex, table A). 
WESP power consumption has been chosen equals to an ESP power consumption. 
4.3. Estimated performance 
Theoretical ideal performances for ammonia based solvent are achieved with a lean loading above 0.55 in order to 
use only the reaction of carbonate formation. The model predicts a solvent flow rate of 190 t/tCO2, for a lean loading 
of 0.55, in order to achieve 90% of CO2 capture. This value is largely higher than the solvent flow rate of the 
reference process (around 15 t/tCO2). Solvent regeneration to a lean loading of 0.35 to 0.4 decreases significantly the 
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reboiler duty due to a reduction, by a factor of 5, of the solvent flow rate, at around 37 t/tCO2. With these operating 
conditions, for the tested HFMC, a 4 passes solvent / 1 pass flue gases in cross flow is necessary (figure 6). 
Alternatively, solvent recycling can be considered but this increases the overall membrane area by 6%. The main 
default of these patterns is the need of a larger membrane area (by a factor of 2 to 4). The most important process 
operating conditions are reported in the table 3. With this configuration, 1570 modules of 10470 m² is needed for 
capturing 679 t/h of CO2 (total membrane area of 16.9 106 m²) and an absorber cross section of 4500 m². 
Regarding solvent regeneration, the simulated reboiler predict a reboiler temperature of 150°C at 20 bar for a target 
lean loading of 0.35. The reboiler duty has been estimated around 1.65 GJ/tCO2 for solvent regeneration. In addition, 
water-ammonia distillation needs 0.3 GJ/tCO2 of steam for a 120°C reboiler. The parasitic loss is reduced by 15% 
compared to MEA process. At opposite, the HFMC-NH3 process needs approximately 33 kWh/tCO2 (+50%) in 
addition for auxiliaries. Finally, the high regeneration pressure reduce significantly the compression work by 53 
kWh/tCO2 (-64 %). All together, the new process induces a power plant loss of efficiency of 7.7 %pt, 1 %pt better 
than the reference process. 
 
  
Figure 6: HFMC flow arrangement (left: 4 passes solvent/1 pass flue gas; right: with recycling) 
Table 3: Operating parameter for the chosen process 
Process MEA HFMC+NH3 
Flue gas flow rate  3789 t/h 3789 t/h 
CO2 flow rate 679 t/h 679 t/h 
Solvent flow rate 15,4 t/tCO2 37,8 t/tCO2 
Solvent concentration 30 %wt 5 %wt 
Absober water wash flow rate 5,0 t/tCO2 6,5 t/tCO2 
Stripper water wash flow rate - 0,2 t/tCO2 
Ammonia flow rate (chiller) - ≈ 0,4 t/tCO2 
Lean loading 0,225 0,35 
Rich loading 0,496 0,60 
Chiller temperature - 5°C 
Number of cross current passes - 4 
Intercooling temperature 28°C - 
Reboiler pressure 2 bar 20 bar 
Reboiler duty 2,6 GJ/tCO2 1,65 GJ/tCO2 
Reboiler temperature 123 °C 150 °C 
LVC pressure 1 bar - 
Ammonia striper reboiler pressure - 2 bars 
Ammonia striper reboiler duty - 0,3 GJ/tCO2 
Ammonia stripper reboiler temperature - 119 °C 
Table 4: Power consumption and loss of efficiency of evaluated processes 
Process MEA HFMC+NH3 
Cold source temperature 18 °C 18 °C 
Cooler pinch 10 K 5 K 
Reboiler duty 2,6 GJ/tCO2 1,65 GJ/tCO2 
Cooling duty 2,2 GJ/tCO2 4,1 GJ/t 
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Power consumption (kWh/t)   
Parasitic loss 144 126 
Cooling pumps 6 20 
Fan 16 16 
Solvent pumps 8 33 
LVC compressor 25 - 
Chiller - 12 
Miscellaneous Auxiliary 3 8 
Compression 82 29 
Power plant integration -14 -4 
Total power consumption 270 240 
Loss of efficiency 8,68 %pt 7,7 %pt 
4.4. Ammonia leaks 
As the loading decreases, ammonia leaks increase. In the chosen HFMC configuration, ammonia concentration at 
the absorber exit is around 6500 ppm (table 5), in the same order of magnitude as for a packed column. 
Nevertheless, the thickness of the composite membrane dense layer could be optimized toward a better compromise 
between CO2 absorption and ammonia leaks. Flue gas intercooling could also reduce significantly ammonia leaks 
which are proportional to the temperature in the range 0 to 40 °C. A flue gases wash section is therefore mandatory 
with an overall efficiency above 99.5%. A chilled water wash is considered for this purpose with a water-ammonia 
distillation column in order to recover most of the ammonia and recycle it in the process. 
Table 5: Flue gases temperature and composition 
 FGD outlet Absorber inlet Pre-cooler 
outlet 
Chilled Wash 
Outlet 
Temperature 50 °C 28 °C 8 °C 5 °C 
Nitrogen 71,8 % 72,9 % 89,9 % 90,4 % 
Oxygen 4,5 % 4,6 % 5,7 % 5,7 % 
Argon 0,9 % 0,9 % 1,2 % 1,2 % 
Carbone Dioxide 13,4 % 13,5 % 1,7 % 1,7 % 
Water 9,5 % 8,0 % 1,5 % 1,0 % 
Ammonia 0 ppm 0 ppm 6500 ppm 20 ppm 
5. Conclusion 
The concept of using a HFMC with an ammonia based solvent as been investigated and compared to the MEA based 
reference capture process (MEA 30% with LVC process). The membrane selected is a two layer composite 
membrane with a micro-porous support of polypropylene and a dense layer of Teflon AF which presents a reverse 
selectivity of 3.2 towards CO2. Such a membrane has been produced with realistic industry techniques in LGC. 
Mini-HFMC of 54 fibers have been built by Polymem and tested by LRGP and Armines with model flue gas 
(mixtures of N2 and CO2) and ammonia solvent. With these experiments, the TRL 3 of the technology has been 
validated. In order to extrapolate the laboratory results at industrial scale, a HFMC membrane contactor has been 
developed and has shown a good agreement with experimental results. 
A HFMC module with a 25 % compacity has been selected for a preliminary feasibility study at industrial scale. 
First results shows that this module cannot efficiently absorb CO2 in a solvent with a CO2 loading above 0.5, thus 
increasing significantly the solvent flow rate needed to capture 90% of CO2. 
The lean loading has been decreased to 0.35 to promote the absorption at the expense of a higher reboiler 
temperature (at around 150°C). In the same time, due to low compacity of the HFMC, a cross flow pattern has been 
selected in order to successfully load the solvent around 0.6. All these limitations results in an intensification factor 
around 1.3 (volume reduction compared to packing). Simulations have shown a drastic increase of the ammonia 
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emissions as the solvent loading decreases below 0.5. For our operating conditions, ammonia leaks are in the same 
order of magnitude than for a packed column. A chilled water wash is therefore needed in order to respect 
regulations. The loss of efficiency induced by this new process is around 7.7%pt on a newly build coal fired power 
plant, compared to the MEA reference process the steam extracted from the plant is of higher quality (reboiler at 
150°C compared to a reboiler at 120°C) but lower quantity and the CO2 compression work is significantly reduced 
due to the regeneration at 20 bar. 
These preliminary promising results need to be validated and improved through a detailed HFMC optimized 
conception regarding fibers thickness and length, module compacity and operating conditions in order to improve 
the compromise between intensification factor, membrane area, ammonia leaks and solvent cyclic capacity. For 
example, a HFMC compacity above 50% could reduce the total membrane area needed for CO2 capture by 2 to 4, 
leading to a prospective intensification factor around 4. With this new design, a 0.7 CO2 loading seems achievable 
(just below precipitation of solids), which will increase the cyclic capacity or allow a solvent regeneration to a 
loading of 0.45, reducing the reboiler temperature at 120°C. 
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Annex 
Table A: Modeling hypotheses for the CO2 capture processes 
Pump Mechanical Efficiency % 95 
Isentropic Efficiency  % 75 
Compressor Mechanical Efficiency % 95 
Isentropic Efficiency % 85 
Fan Mechanical Efficiency % 95 
Isentropic Efficiency (Aspiration) % 80 
Pressure Drop Packing mbar/m 3 
Column mbar 50 
Plates & Frame Heat Exchanger bar 1 
Tubes & Shell Heat Exchanger (Tubes Side) bar 0,2 
Tubes & Shell Heat Exchanger (Shell Side) bar 1 
Molecular Sieve bar 0,5 
Pinch Economizer K 5 
Reboiler K 5 
Other heat exchangers K 10 
 
